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Abstract
We present a fully three-dimensional calculation of atmospheric neutrino
fluxes using accurate models of the geomagnetic eld, hadronic interactions,
tracking and decays. Results are presented for the Super-Kamiokande (SK)
and Sudbury Neutrino Observatory (SNO) sites. Emphasis is placed on com-
parison with previous one-dimensional calculations for the SK site, and we




Atmospheric neutrinos are produced constantly by the interaction of primary cosmic
rays with nuclei of the Earth’s upper atmosphere. These primary interactions produce pions
and kaons which decay into neutrinos and muons; the muons themselves may decay into
additional detectable neutrinos if they don’t have enough energy to reach the ground. The
following reaction sequence is typical:
p +14 N ! pi+(K+) + X pi+(K+) ! µ+νµ µ+ ! e+νµνe (1)
Atmospheric neutrino fluxes are such that the rate of detection is of the order 100 per
kiloton of detector per year. They were the rst naturally occurring neutrinos to be ob-
served, some thirty years ago [1]. Since then they have generated interest, rst as a critical
background in nucleon-decay searches, and more recently in their own right as the means by
which neutrino oscillations were discovered [2]. The most obvious predictions of the reaction
sequence above is that (a) there will be two muon neutrinos for each electron neutrino, (b)
the antineutrino to neutrino ratio will be about unity for muons and 1.3 (  pi+/pi− ratio)
for electrons. Prediction (a) has not been borne out by recent experiments which measure
a muon to electron ratio which is both a factor two too small and which is strongly zenith
angle dependent [2]. This is evidence for neutrino oscillations and a non-zero neutrino mass.
There is as yet no measurement of the antineutrino to neutrino ratios.
The newest large facility capable of observing atmospheric neutrinos is the Sudbury
Neutrino Observatory (SNO). This water Cerenkov detector has about 2 kilotons in its
active volume (about half D2O and half H2O) [3]. At 46.5 deg N (57.2 deg N magnetic) it is
the most northerly atmospheric neutrino detector and hence the flux of low energy neutrinos
will be larger than at more southerly sites (Super-Kamiokande (SK) is 25.8 deg N magnetic
[4]).
There have been several successful calculations of atmospheric neutrino fluxes. Most
have been one-dimensional \slab" models with simple geomagnetic cut-os, chosen for cal-
culational simplicity. This approximation is not thought to introduce serious error, except
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in the directional variation at the lowest energies [5], to which SNO may have some sensi-
tivity. We have therefore chosen to pursue a three-dimensional calculation. This route is
now feasible because available computing power has increased dramatically since the rst
atmospheric neutrino codes were started. We have also chosen to model the geomagnetic
eld to a high degree of accuracy; again it is now easy to calculate. In this work we present
a comparison of our calculations with those of Bartol Group [6], mostly for the SK site, and
the agreement is found to be good. We will present more detailed results for the SNO site
in a following paper [7].
II. THEORY
A. The Basics of Atmospheric Neutrino Flux Calculations
There are two basic approaches to these calculations; they are either one-dimensional
(\slab") models or three-dimensional models like the one presented here. The calculations
can be split into dierent parts, some of which are common between the two approaches.
 3-D: Start at a large distance from the centre of the earth (10 RE), where the geomag-
netic eld is comparable with the interplanetary eld. Take the measured isotropic
primary cosmic ray flux as a function of species, energy, and phase of the solar cycle.
1-D: Start at the location of a detector and take primaries with energies according to
interstellar spectrum but only above the local cuto (which depends on the direction
of the primary).
 Calculate whether the primaries interact with the atmosphere or are deflected away
by the geomagnetic eld. There are two ways of doing this:
– Calculate a geomagnetic \cuto" rigidity (momentum/charge) for that direction
and location and reject any primary with a rigidity less than this value (1-D) [8].
– Track the primaries in a model of the earth’s magnetic eld (3-D).
3
 Allow the primaries to interact with a model of the atmosphere, using one or more
packages of hadronic interaction codes, producing charged secondaries and neutrinos.
 Track the charged secondaries in the earth’s magnetic eld (3-D). In the 1-D model
the secondaries are tracked along the primary direction.
 Allow secondaries to decay into neutrinos.
 Bin neutrinos and calculate fluxes as a function of neutrino type, energy, direction,
geographical position of detector (3-D only; this is chosen at the start of a 1-D calcu-
lation) and solar activity.
 Calculate interaction rates and angular distributions of leptons observed in the detec-
tors.
The statistical accuracy and number of bins is typically limited by computation time,
particularly in the 3-D case. However this limitation is balanced by the fact that available
data is sparse.
B. Our Model in Comparison with Others
Atmospheric neutrino calculations are dependent on various physical models. Most of
the uncertainty, which is estimated as 20-30%, is introduced by our knowledge of the primary
cosmic ray spectrum. For this we use the same parameterization (Webber/Lezniak [9]) as in
HKHM [10], and assume medium solar activity. The geomagnetic eld is calculated using a
10th order multipole expansion, with spherical harmonic coecients taken from the IGRF
1995 model [11]. Errors in the eld at the earth’s surface are less than 25 nT (<0.1%).
The atmospheric density is calculated according to Linsley’s compilation of atmospheric
density data [12]. The interactions of the primaries with the atmosphere were modelled
using Glauber theory for the cross-sections (see section E below) and various widely used
hadronic packages [13{15].
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There are three major independent calculations of atmospheric neutrino fluxes which
predate this work. Two of them are currently being worked upon, that of the Bartol group
(\BGS" [6]) and that of the (Super-)Kamiokande group (\HKHM" [5]). Bugaev and Naumov
(\BN") is an older work [16]. Lee and Koh [17] (\LK") was an early attempt to make the
BGS code three-dimensional; it had some problems and was not pursued [18].
The main dierence with the present work is that all the above calculations (except LK)
are one-dimensional [19]. The transverse momentum from pion or muon decay is reckoned
to be small enough (10s of MeV/c) to obviate the need to consider more dimensions when
the threshold of the atmospheric neutrino detectors is at least 100 MeV/c.
As a check on our geomagnetic eld model we calculated rigidity cut-os for the two
detector sites in the manner of a 1-D model. These are shown in gure 1. The plot for the
SK site is identical to that obtained by Honda et al. [5]. There is much less structure in the
more northerly SNO site, with the cutos from the north being much lower than those from
the south (the opposite of the SK case), and very little of the east-west asymmetry seen at
SK [4].
C. Hadronic Interactions
In order to calculate hadronic interactions, we start with experimental parametrizations
for hadron-hadron cross-sections (from CORSIKA [20] air shower package). Hadron-nucleus
and nucleus-nucleus cross-sections were calculated using Glauber theory (instead of A2/3
rescaling as used in GEANT).
Secondaries were generated using several standard hadronic packages. We used genera-
tors CALOR, GEANT-FLUKA and GHEISHA within GEANT 3.21 [13,14], and standalone
generator FRITIOF and decay routine JETSET [15]. In order to compare the results from
these packages, we calculate several functions of the pion production cross sections in the
energy range relevant to sub-GeV neutrinos. In this we followed the published comparisons






dx  x1.7dnpi±(x, EN )
dx
(2)
where x = Epi/EN , and EN is the total energy of the incident nucleon in the lab system
and Epi is the energy of the secondary pion. The values of these factors determine how
many charged pions are produced at a given energy, and it is these pions which decay into
neutrinos.
In gure 2(a) we plot these moments for charged pions for three hadronic packages. The
GEANT-FLUKA [14] package gives the highest value, and GHEISHA [13] the lowest. In the
middle lie CALOR [13] and FRITIOF [15], although Fritiof gives the highest multiplicities. It
is a combination of these (CALOR below 10 GeV/c and FRITIOF above), which most closely
reproduces the spectrum-weighted moments in the TARGET code of BGS [18]. CALOR and
GEANT-FLUKA are not independent; the two codes are identical above 10 GeV. CALOR
uses GEANT-FLUKA pion and nucleon routines phased in from 2 to 10 GeV. Kaon and
antinucleon routines in the two codes are identical.
The quantity which indicates best the neutrino yield is the spectrum-weighted production
of charged pions Y (pi)E−1.70 , where Y is the multiplicity per interaction and E0 the primary
energy. In gure 2(b) we compare the spectrum-weighted pion production per nucleon for
CALOR/FRITIOF and for TARGET. The pion momentum range of 3-4 GeV/c is chosen as
these are the pions which produce neutrinos with energies around 1 GeV [18]. The integrated
value of this parameter is roughly proportional to the measurable neutrino flux. Due in part
to dierent pion multiplicities, our CALOR/FRITIOF combination gives an integral which
is 21% lower than TARGET. Hence we expect that dierences in hadronic codes, everything
else being equal, will give us a neutrino flux which is about 20% lower than that of BGS.
GEANT-FLUKA produces somewhat smaller unweighted charged pion multiplicities than
FRITIOF, with consequently smaller neutrino fluxes (see Section III below).
The charge ratios for pions and muons are also a matter of some contention. The re-
cently published WIZARD/CAPRICE94 data [21] show a µ+/µ− ratio at the top of the
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atmosphere which has an average value of 1.590.06 in the momentum range 0-2 GeV/c.
This value favours the GEANT-FLUKA generator in our model, which gives a ratio of
1.40.1. CALOR/FRITIOF gives 1.240.05, and the BGS code 1.3.
The calculations for each of the three generators, GEANT-FLUKA, GHEISHA and
CALOR/FRITIOF, were made on a Pentium II 233MHz CPU running for six days.
III. RESULTS
We will restrict our discussion to what the Kamiokande groups call \sub-GeV" events:
those which produce µ by quasi-elastic scattering on water nuclei with momenta between
0.20 and 1.33 GeV/c.
Figure 3 shows how the geomagnetic eld aects the spectrum of cosmic ray primaries
reaching the upper atmosphere. The results of both 1-D and 3-D modelling are presented in
(a). The eect of the geomagnetic eld is of course strongest at low energies and fades away
by about 20 GeV at the SNO site, and 40 GeV at the SK site. There is good agreement
between the two, although the 3-D flux is systematically low by several percent under 5 GeV
at the SNO site. Maps of the intensities of cosmic ray primaries on the earth’s surface (as a
fraction of the zero geomagnetic eld case) are shown in (b) for various momenta. Note how
the SNO site sits on the edge of a \precipice" in the low energy primary flux; this provides
a challenge for the 3-D modeler as the detector cannot be arbitrarily enlarged to improve
statistics. In fact we oset the SNO site in the calculation by about 1 deg in latitude in
order to avoid this edge (above the edge the fluxes are quite flat).
Figure 4 shows the angular distributions and spectra for sub-GeV muons at the SK site
for our 3-D calculations using three dierent generators and the 1-D calculations of BGS [8].
The results are in good agreement; our results are 15% lower overall. This can be accounted
for by dierences in primary fluxes between this work (which follows HKHM [5]) and BGS;
it is reckoned that the HKHM flux gives a 7% greater neutrino flux [18] than BGS. In
addition the CALOR/FRITIOF generator is expected to give 21% less neutrinos than BGS
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(this number is obtained by integrating the curves in g.2). The east-west and north-south
asymmetries are slightly less than BGS, but the statistical signicance is marginal.
The other hadronic packages produced results with very similar shapes to
CALOR/FRITOF but with dierent overall rates: GHEISHA gave 34% and GEANT-
FLUKA 88% of the CALOR/FRITIOF rates.
To summarize the dierences between the SK and SNO sites, we make the following
generalizations:
SK (25.8 deg N Magnetic)
 Mean over all angles = 2.78 events/kT/y/sr (CALOR/FRITIOF)
 Decit to the east
 Decit from above
The mean flux from other calculations are BGS [8]: 3.28; GEANT-FLUKA (this work):
2.46; GHEISHA (this work): 1.13/kT/y/sr.
SNO (57.2 deg N Magnetic)
 Mean over all angles = 3.73 events/kT/y/sr (CALOR/FRITIOF)
 Decit to the east and north for horizontal neutrinos
 Decit from below
The mean flux from other calculations are GEANT-FLUKA (this work): 3.66; GHEISHA
(this work): 2.36/kT/y/sr.
IV. CONCLUSIONS
This work describes a full three-dimensional simulation of atmospheric neutrino fluxes.
It largely justies previous and widely used (1-D) approximations.
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We note that the overall fluxes depend on our choice of hadronic code. We can discount
GHEISHA which is known not to work too well at the low energies important in generating
quasi-elastic leptons. That leaves CALOR/FRITIOF and GEANT-FLUKA, which produce
similar spectra and angular distributions, and fluxes which are only dierent by 13% for the
SK site and only 2% for SNO. These dierences are small in comparison to primary flux
uncertainties.
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FIGURE CAPTIONS
Figure 1: Rigidity cutos in the 1-D model for SNO (top) and SK (bottom) sites. The
more northerly SNO site has in general much lower cutos. The SNO site has the opposite
up-down asymmetry to the SK site, and a very much smaller east-west asymmetry. These
cutos were not used in the calculation, they are merely means to check part of the code, and
as an aid to understanding. In terms of cardinal points the x-axis is ordered N-W-S-E-N.
Figure 2: (a) Spectrum-weighted moments for the production of charged pions as a
function of proton total lab energy, for dierent common hadronic codes. The extremes
moment values are represented by GHEISHA (low; o  o  o) and GEANT-FLUKA (high;
4--4--4). In this work we have primarily used CALOR (X - - - X - - - X) below 10 GeV/c
and FRITIOF (||) above 10 GeV/c, a combination with a spectrum-weighted moment
which closely resembles that in BGS [18]. For each calculation the higher of the two data sets
represents pi+ production, and the lower, pi−. (b) Spectrum-weighted production of charged
pions of 3-4 GeV/c as a function of primary energy. This momentum bin is responsible for
neutrino production with energies around 1 GeV. This work (CALOR/FRITIOF: o|o|o)
is compared with BGS (    ) [18].
Figure 3: Eect of geomagnetic eld on the spectrum of cosmic rays reaching the upper
atmosphere. The results of both 1-D and 3-D modelling are presented in (a). Maps of the
intensities of cosmic ray primaries on the earth’s surface (as a fraction of the zero geomagnetic
eld case) are shown for 2,4,6,10,20 and 50 GeV/c in (b). The two small white crosses mark
the positions of SNO and SK.
Figure 4: Right: angle and energy distributions of \sub-GeV" muons (0.2 - 1.33 GeV/c)
produced by quasi-elastic scattering on water nuclei at the SK site. Left: the same, but
for parent neutrinos. Units: number/(kTsry). Data: this work with various generators
(|{CALOR/FRITIOF, - - - GEANT-FLUKA, −−− GHEISHA) and BGS theory (  )
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